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Abstract
A fluorescent competitive assay for melamine was first developed utilizing dummy molecularly imprinted polymers (DMIPs) 
as artificial antibodies.  This method is based on the competition between fluorescent substances and the unlabeled analyte 
for binding sites in synthesized DMIPs and the decreased binding of fluorescent substances to DMIPs due to increased 
concentrations of melamine in the solutions.  DMIPs for melamine were synthesized under a hot water bath in the pres-
ence of the initiator azobisisobutyronitrile (AIBN) using 2,4-diamino-6-methyl-1,3,5-triazine (DAMT) as a dummy template, 
methacrylic acid (MAA) as a functional monomer, and ethylene glycol dimethacrylate (EGDMA) as a crosslinking agent. 
The adsorption capacity and selectivity of DMIPs for melamine were evaluated by the isothermal adsorption curve and 
Scatchard analysis.  The evaluation results showed that the synthesized DMIPs had specific recognition sites for melamine 
and the maximum adsorption amount was 1 066.33 μg g–1.  Later, 5-(4,6-dichlorotriazinyl) amino fluorescein (DTAF) with a 
triazine ring, which slightly resembles melamine, was selected as the fluorescent substance.  The fluorescent competitive 
assay using DMIPs as the antibody mimics was finally established by selecting and optimizing the reaction solvents, DMIPs 
amount, DTAF concentration, and incubation time.  The optimal detection system showed a linear response within range of 
0.05–40 mg L–1 and the limit of detection (LOD) was 1.23 μg L–1.  It was successfully applied to the detection of melamine 
in spiked milk samples with satisfactory recoveries (71.9 to 86.3%).  According to the comparative analysis, the result of 
optimized fluorescent competitive assay revealed excellent agreement with the HPLC-MS/MS result for melamine.
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1. Introduction
Melamine (2,4,6-triamino-1,3,5-triazine), also referred to as 
three amines, is an important chemical material in the pro-
duction of melamine resins as a kind of organic compounds 
with a nitrogen heterocyclic ring, which are widely used in 
wood processing, plastics, paint, papermaking, textile, leath-
er, electric and medicine industries.  Melamine detection has 
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become a hot topic since the discovery of kidney stones in 
children caused by melamine-contaminated infant formula 
powders in China and pet death due to melamine-contami-
nated feeds in America.  The determination of melamine in 
complex matrices has been reported by confirmatory meth-
ods such as liquid chromatography (LC) (Ali et al. 2008), 
gas chromatography-mass spectrometry (GC-MS) (Xu et al. 
2009), liquid chromatography-tandem mass spectrometry 
(LC-MS/MS) (Sancho et al. 2005) and rapid methods such 
as the visible color change approach based on gold nanopar-
ticles (Ai et al. 2009), chemiluminescence immunoassay 
(CLIA) (Zhang et al. 2011) and enzyme-linked immune 
sorbent assay (ELISA) (Garber 2008) based on antibodies. 
Most confirmatory methods are known to be expensive and 
time-consuming (Lin 2009), and a few methods such as LC 
with a UV detection system are easily influenced by the com-
plicated matrixes of samples in its sensitivity and accuracy 
(Tittlemier 2010).  Meanwhile, although rapid methods such 
as CLIA and ELISA are time-effective, the required biological 
antibodies are unstable, and they are sensitive to storage 
conditions and used only under aqueous solutions (Ye and 
Mosbach 2008) with limited applications.  Therefore, the 
methods that can detect melamine quickly, accurately and 
at a low cost are highly demanded.
Molecular imprinting has attracted the interests of re-
searchers all over the world as a technique for preparing mo-
lecularly imprinted polymers (MIPs) with a given template. 
MIPs are generally synthesized in the following procedure: (i) 
The template molecule and functional monomer are pre-as-
sembled (covalent interaction) or self-assembled (non-co-
valent interaction) to form a complex; (ii) the cross-linking 
agent is added to polymerize with the template-functional 
monomer complex in the presence of an initiator; (iii) the 
template molecule is removed by physical or chemical 
methods to obtain MIPs that have the binding sites with an 
embedded template of the original shape, size and functional 
groups.  Nowadays, MIPs possess the advantages of low 
cost, convenient synthesis, high stability to harsh chemical 
and physical conditions, excellent reusability and tailored 
binding sites for the template.  In addition, they have been 
studied and applied in many fields, such as solid phase 
extraction (SPE) (Li et al. 2009; Pavlovic et al. 2015; Su 
et al. 2015), sensors (Sainz-Gonzalo et al. 2011; Anirudhan 
and Alexander 2015), drug delivery devices (Rostamizadeh 
et al. 2012; Asadi et al. 2014), catalysis (Abbate et al. 2011) 
and antibody mimics (Levi et al. 1997; Piletsky et al. 2001; 
Benito-Pena et al. 2006; Nicholls et al. 2006; Lu et al. 2007).
MIPs possess many binding properties apparently similar 
to those of natural antibodies such as marked selectivity 
towards related ligands (antigens for antibodies; template 
molecules for MIPs), and the binding properties are resulted 
from multiple reversible non-covalent interactions and 
characterized by well-defined thermodynamics and kinetics 
(Vlatakis et al. 1993).  Therefore, many molecular imprinting 
investigators aim at replacing natural antibodies with artificial 
MIPs using so-called “molecularly imprinted sorbent assays” 
(MIAs).  Researchers have reported only assays based on 
labeled (except some florescence-based assays), competi-
tive, homogenous or heterogeneous formats (Vlatakis et al. 
1993).  In the applications of MIAs, there are different types 
of labeled substances, including radiochemical tracers, 
enzymatic tracers and fluorescent tracers.  However, radio-
chemical tracers are hardly used for their high cost, hazards 
and legal restrictions on radionuclides, and the utilization 
of enzymatic tracers is also limited due to inactivation of 
organic solvents, slow diffusion velocity and assay kinetics 
in the micro/nanometer-sized polymers.  Fluorescent tracers 
are less problematic than radiotracers and more stable and 
solvent-compatible than enzymes.  
Fluorescent MIAs could possibly be used in three ap-
proaches (Haupt et al. 1998): (i) The polymer is imprinted 
with the target analyte, and a fluorescence-labeled deriv-
ative of the analyte is used for detection.  (ii) The polymer 
is imprinted with the target analyte, whereas an unrelated 
probe that can bind to the polymer is used for detection. 
(iii) The polymer is imprinted with the fluorescence-labeled 
or otherwise derivatized analyte, and an unlabeled analyte 
competes with the labeled analyte for the binding sites on the 
polymer upon analysis.  The first fluorescent MIA reported 
in literature was a competitive approach for triazine using 
5-(4,6-dichlorotriazinyl) amino fluorescein (DTAF) as a flu-
orescent analog of the analyte by Piletsky and co-workers 
(Piletsky et al. 1997).  However, some drawbacks hindered 
the development of this approach, such as the difficulty in 
synthesizing and purifying efficient fluorescent tracers as 
conjugates between fluorescent tags and analytes, and 
the complexity in preparing imprinted polymers that can 
bind to both the analyte and fluorescent tracers in the same 
manner.  Therefore, only some analytes were detected 
and reported based on fluorescent MIAs, such as triazine 
(Piletsky et al. 1997, 2001), pentachlorophenol (Nicholls 
et al. 2006), 2,4-dichlorophenoxyacetic acid (Haupt et al. 
1998; Lu et al. 2007), chloramphenicol (Levi et al. 1997; 
Mc-Niven et al. 1998; Suarez-Rodriguez and Diaz-Garcia 
2001) and penicillins (Benito-Pena et al. 2006; Urraca et al. 
2007).  In this paper, we selected DTAF as a competitive 
fluorescent substance because it has the same triazine ring 
as melamine, as shown in Fig. 1.
To address template leaking in the applications of MIPs, 
the dummy molecular imprinting technique using a structural 
analog of the targeted compound as the template has been 
considered highly effective (Chen et al. 2011).  So far, cy-
romazine (Curcio et al. 2010), 2,4,6-trimethoxy-1,3,5-triazine 
(He et al. 2009) and 2-(4,6-diamino-1,3,5-triazin-2-ylamino) 
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ethanethiol disulfide (Wang et al. 2012) have been employed 
as dummy templates to synthesize MIPs for melamine.
In this paper, we reported the preparation and evalua-
tion of the dummy molecularly imprinted polymers (DMIPs) 
for melamine and described fluorescent MIAs with DMIPs 
used as artificial antibodies.  This approach is based on 
the competitive binding assay between melamine and the 
fluorescent substance DTAF and use of a multimode reader 
for fluorescence detection of DTAF.  Besides, we attempted 
to apply this method to the detection of melamine in milk 
samples.
2. Results and discussion
2.1. Preparation of DMIPs
To circumvent the template bleeding problem, a dummy tem-
plate was selected to synthesize MIPs for melamine.  The 
dummy template molecule 2,4-diamino-6-methyl-1,3,5-tri-
azine (DAMT) has almost the same structure as melamine 
(2,4,6-three amino-1,3,5-triazine) except for the methyl 
that replaces an amino.  Therefore, the DMIPs possibly 
have a specific adsorption capacity for melamine, which is 
confirmed by binding experiments.
With the same polarity as melamine, DAMT is almost 
insoluble in low-polar solvents, which are usually utilized 
in a non-covalent imprinting approach such as toluene 
and dichloromethane, and it has good solubility in dimethyl 
sulfoxide (DMSO).  For this reason, we selected DMSO as 
the dissolving solvent.  At the same time, considering that 
DMSO may have an adverse impact on the formation of 
hydrogen bonds between the dummy template and meth-
acrylic acid (MAA), acetonitrile was used as the porogen 
solvent.  During the experiments, it was found that white 
substances precipitated out when acetonitrile was added 
to the DMSO solution.  The reason was probably that the 
dissolution equilibrium of melamine was destroyed after 
the addition of acetonitrile.  In order to eliminate this effect, 
ethylene glycol was selected to be the accessory solvent.
Similar to melamine, the dummy template has amino 
groups and a triazine ring, which can form dual-hydrogen 
bonds with a carboxylic group.  MAA was selected to work as 
both a hydrogen bond acceptor and a donor, which interact-
ed with a hydrogen atom of the amino group and a nitrogen 
atom of the triazine ring, respectively (Fig. 2).  After ethylene 
glycol dimethacrylate (EGDMA) and azobisisobutyronitrile 
(AIBN) were added, DMIPs were synthesized by precipita-
tion polymerization.  The proportion of the prepared DMIPs 
was the same with that of MIPs for melamine optimized by 
workmates in our laboratory (Wang et al. 2013).
2.2. Characterization of DMIPs
The FT-IR spectra of DMIPs and dummy non-imprinted 
polymers (DNIPs) were obtained in the solid state as KBr 
powder dispersion by FT-IR spectrometer 100 (Perkin Elmer, 
USA) within the range of 4 000–450 cm–1 (Fig. 3).  It was 
revealed that the characteristic peaks of C=O, O-H, C-H, 
C-O and C=C appeared respectively at 1 732, 3 631, 2 956, 
1 154 and 1 634 cm–1, indicating successful preparation of 
DMIPs.  There were no characteristic peaks for the dummy 
template such as 1 551 and 814 cm–1 for the triazine ring 
and 3 419 cm–1 for N-H in the spectra of DMIPs and no 
obvious differences in the spectra of DMIPs and DNIPs.  It 
was suspected that the dummy template has mostly been 
washed out after the elution.
The morphology and particle size of DMIPs and DNIPs 
(Fig. 4) were observed by scanning electron microscopy 
(SEM).  The image of DMIPs revealed more small cavities 
which were probably caused by the structure of the template 
molecule (Wang et al. 2012).  Compared with DMIPs, the mi-
croscopic feature of DNIPs was aggregated for electrostatic 
interaction probably.  The differences in the morphologies 
of DMIPs and DNIPs may be attributed to the cavities that 
are formed in the imprinting process, which then lead to the 
different adsorption capacities of DMIPs and DNIPs.  
2.3. Adsorption isotherms of DMIPs for melamine
Fig. 5 showed the isothermal adsorption curve and ad-
sorption kinetics curve of DMIPs and DNIPs for melamine, 
as well as the Scatchard plot of DMIPs for melamine.  It 
can be seen from Fig. 5-A that the amount of melamine 
adsorbed by DMIPs and DNIPs arises with the increase 
in the initial concentration of melamine.  It was also found 
that the amount of the binding to DMIPs was always larger 
than that to DNIPs which only had the carboxyl groups. 
Fig. 1  Chemical structures of melamine and 5-(4,6-dichlorotri-
azinyl) amino fluorescein (DTAF).
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The larger amount was not only caused by the surface of 
DMIPs containing the carboxyl groups which could combine 
with melamine, but also because of the cavities of DMIPs 
matching the size and structure of melamine.  This curve 
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Fig. 2  Imprinting process of dummy molecularly imprinted polymers (DMIPs).  EGDMA, ethylene glycol dimethacrylate; AIBN, 
azobisisobutyronitrile.
Fig. 3  FT-IR spectra of dummy non-imprinted polymers (DNIPs, A) and DMIPs (B).
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could suggest that DMIPs had high affinity to melamine. 
The Scatchard analysis was used to assess the binding 
site heterogeneity of solid materials, such as MIPs (Dai 
et al. 2013).  Heterogeneous binding sites usually exist in 
the MIPs that are synthesized by a non-covalent approach 
due to different kinds of complexes self-assembled by the 
template and functional monomer.  The high affinity of 
DMIPs was also confirmed by dynamic adsorption exper-
iment (Fig. 5-B), and the adsorption equilibrium of DMIPs 
was not reached until 120 min.  As shown in Fig. 5-C, the 
Scatchard plot of DMIPs for melamine is not a linear curve 
but can be regarded as two straight lines, demonstrating 
that DMIPs had two binding sites with different affinities 
for melamine.  According to the slope and intercept of the 
two linear regression curves, the dissociation constant KD 
and maximum amount of the apparent binding Qmax can be 
calculated.  The linear regression equation for the left part 
of the curve was: Q/Ce=−10.656 Q+5911.8, where, Q is the 
amount of total adsorption, Ce is the equilibrium concentra-
tion of the supernatant solution.  KD and Qmax were 0.094 μg 
mL–1 and 555.71 μg g–1 for high affinity binding sites.  The 
linear regression equation for the right part of this curve was: 
Q/Ce=−0.1407Q+147.97.  KD and Qmax were 7.107 μg mL
–1 
and 1051.62 μg g–1 for low affinity binding sites.
2.4. Binding of DTAF to DMIPs/DNIPs 
Fig. 6 showed the changes in the fraction of DTAF bound 
(%) to DMIPs/DNIPs as the function of the fluorescent probe 
concentration.  As the DTAF concentration increased, the 
binding (%) of DTAF to DMIPs or DNIPs also increased and 
soon achieved saturation.  In addition, the binding of DTAF to 
DMIPs was always more obvious than that to DNIPs, which 
indicated the specific binding capacity of DTAF to DMIPs, 
making it possible for fluorescence DTAF and melamine to 
Fig. 4  Scanning electron microscopy (SEM) micrographs of DNIPs (A) and DMIPs (B).
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compete on the binding sites of DMIPs.  
2.5. Optimization of fluorescent competitive assay
The established fluorescent competitive assay is sche-
matized in Fig. 7.  This assay adheres to the principle of 
the competitive adsorption of the analyte melamine and 
fluorescent substance DTAF on the binding sites of DMIPs. 
The more melamine is adsorbed, the less DTAF is bound 
to DMIPs.  Therefore, the normalized response (F0–F)/F, 
(where, F is the fluorescence intensity of the supernatant 
and F0 is the initial fluorescence intensity before being 
adsorbed on DMIPs) of DTAF is negatively correlated with 
the melamine concentration, which is used to establish the 
working curve.
The reaction solvent plays an important role in the ad-
sorption capacity of the analyte on the DMIPs.  The results 
showed that acetonitrile could quench the fluorescence of 
DTAF.  When ethanol was used as solvents, the binding of 
DTAF to DMIPs accounted for 70.32% in the absence of 
melamine and 67.88% in the presence of melamine (10 mg 
L–1) with little variation.  When methanol was used as sol-
vents, the binding of DTAF decreased from 58.69 to 51.06% 
due to the presence of melamine (10 mg L–1).  When 20 
mmol L–1 phosphate buffer at pH 7.0 was used, the binding 
of DTAF in the absence and presence of melamine (10 mg 
L–1) was 21.35 and 21.67%, respectively.  A similar result 
was obtained when 20 mmol L–1 phosphate buffer at pH 
6.0 was used as reaction solvent, with 20.17 and 20.38% 
of DTAF bound in the absence and presence of melamine 
(10 mg L–1).  It can be concluded that in aqueous solutions, 
DMIPs have adverse adsorption to DTAF and melamine. 
The reason is that DMIPs were synthesized in organic sol-
vents, which led to incompatibility in the aqueous solutions. 
At the same time, the aqueous solutions could break the 
hydrogen bond which plays a leading role in the binding of 
DTAF and melamine on DMIPs.  Therefore, both ethanol and 
methanol could be used as reaction solvents, and methanol 
with a more obvious decrease in the presence of melamine 
was more appropriate (Fig. 8).
The amount of DMIPs is related to the amount of binding 
sites in the competitive assay.  To evaluate the optimum 
amount of DMIPs, a constant concentration of DTAF (1.0 
mg L–1) was incubated with increasing amounts of DMIPs in 
the absence and presence of melamine of a fixed amount 
(10 mg L–1) in methanol for 4 h.  It was shown in Fig. 9 that 
with the increase of DMIPs amount, melamine had greater 
influence on the binding of DTAF to DMIPs until the amount 
of DMIPs reached 6 mg.  Therefore, 6 mg of DMIPs was 
selected as the optimum condition because it provided the 
best binding sites for the competitive relationships between 
melamine and DTAF.  
The concentration of DTAF should be low enough to 
achieve good sensitivity, but also high enough to compete 
with melamine for DMIPs and provide acceptable signals. 
Fig. 10 showed the influence of DTAF concentrations on the 
change of the DTAF bound in the absence and presence of 
melamine (10 mg L–1).  When DTAF was too much, melamine 
could not compete with it on the binding sites of DMIPs; at 
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Fig. 7  Schematic of the fluorescent competitive assay for melamine.
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the same time, DTAF might be adsorbed by the low affinity 
binding sites of DMIPs.  Meanwhile, a low concentration of 
DTAF was also undesirable.  It can be concluded 0.25 mg 
L–1 of DTAF was appropriate for the assay.
Finally, the incubation time was optimized.  According to 
Fig. 11, 3 h was the optimum incubation time for the fluo-
rescent competitive assay, though there was no significant 
difference for different incubation time.
2.6. Selectivity of fluorescent competitive assays
The influence of melamine concentrations on the adsorption 
of DTAF by DNIPs was investigated.  It can be seen from 
Fig. 12 that the binding of DTAF to DNIPs does not vary with 
the increasing concentrations of melamine.  The difference in 
the binding of DTAF to DMIPs (Fig. 14) and DNIPs (Fig. 12) 
could be explained by the influence of the template on the 
overall polymer structure (Piletsky et al. 1997).  
With a structure different from melamine, chloramphen-
icol was also selected to compete with DTAF on DMIPs 
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(Fig. 13).  Compared with Fig. 14, it was shown that the 
fluorescence response of DTAF to different concentrations 
of chloramphenicol was smaller and more irregular than that 
to melamine, confirming high selectivity of the established 
fluorescent competitive assay for melamine.
2.7. Fluorescent competitive assay for melamine in 
milk samples
The unpurified milk extracted by acetonitrile was first dried 
under nitrogen and then dissolved in methanol to establish 
a working curve of the fluorescent competitive assay.  The 
result showed that some impurities in milk had an adverse 
impact on the adsorption of melamine and DTAF by DMIPs 
and on the fluorescence of DTAF, which could not be directly 
detected by the fluorescent competitive assay.  Taking 
account of good selectivity and the purification ability, SPE 
using DMIPs as sorbents was utilized before the fluorescent 
competitive assay.  The working curve plotted by (F0–F)/F 
and LogC (melamine) was shown in Fig. 14, where, F is 
the fluorescence intensity of the supernatant and F0 is 
the initial fluorescence intensity before being adsorbed 
on DMIPs.  The optimal detection system showed a linear 
response within range of 0.05–40 mg L–1.  And the recov-
eries of melamine in spiked milks were between 71.9 and 
86.3% with relative standard deviations between 4.8 and 
7.0% (n=5).  The limit of detection (LOD) was 1.23 μg L–1, 
which was calculate by LOD=3σ/s (σ-standard deviation of 
blank response, s-slope of working curve).  The optimized 
fluorescent competitive assay had a broad detection range 
as well as acceptable recoveries, which could meet the de-
tection requirements for melamine in milks, and even better 
precision than the results (the recovery rates was 72.8 to 
123.0% with relative standard deviations between 0.8 and 
18.9%, n=3) obtained by the ELISA method for melamine 
(Cao et al. 2013).
Furthermore, the milk samples spiked with melamine 
(1.25, 2.5, 10 and 25 mg kg–1) were pretreated by liquid-liquid 
extraction and MIP-SPE, and then detected by the fluo-
rescent competitive assay as well as HPLC-MS/MS.  The 
correlation coefficient of analysis results by the developed 
fluorescent competitive assay and HPLC/MS/MS was more 
than 0.99, shown in Fig. 15.
3. Conclusion 
In this study, a fluorescent competitive assay for melamine 
using dummy molecularly imprinted polymers (DMIPs) as 
the antibody mimics was first proposed.  The DMIPs were 
prepared for melamine using 2,4-diamino-6-methyl-1,3,5-tri-
azine (DAMT) as the dummy template.  The fluorescence 
substance DTAF, which could bind to some extent to the 
polymers, was utilized as a probe to compete with melamine 
under the optimized conditions.  The proposed method 
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was successfully applied to the determination of melamine 
in milk samples.  It was demonstrated that the normalized 
response (F0–F)/F had a linear correlation with the concen-
tration of melamine within the range of 0.05 to 40 mg L–1 
(R2=0.9905) and the LOD was 1.23 μg L–1.  The recoveries 
of spiked milk samples were between 71.9 and 86.3% with 
relative standard deviations between 4.8 and 7.0% (n=5). 
And the result of optimized fluorescent competitive assay 
revealed excellent agreement with the HPLC-MS/MS result 
for melamine.
In comparison, although the sensitivity and specificity of 
fluorescent competitive assay using MIPs as the antibody 
mimics is not excellent as that of ELISA, the satisfactory 
accuracy is obtained, furthermore, MIPs possess the ad-
vantages of low cost, convenient synthesis, high stability to 
harsh chemical and physical conditions.  Further investiga-
tions are required for the reduction of measurement time, 
improvement in sensitivity and selectivity and simplicity of 
experimental operations.  Anyway, the described method 
provides promising applications of MIPs.  
4. Materials and methods
4.1. Reagents and instruments
2,4-diamino-6-methyl-1,3,5-triazine (DAMT), 5-(4,6-di-
chlorotriazinyl) amino fluorescein (DTAF), ethylene glycol 
dimethacrylate (EGDMA) and methacrylic acid (MAA) 
were purchased from Sigma-Aldrich (St. Louis, MO, Unit-
ed States).  Azobisisobutyronitrile (AIBN), ethylene glycol, 
dimethyl sulfoxide and acetic acid were purchased from the 
No. 4 Reagent & H.V.  Chemical Co., Ltd (Shanghai, China). 
Ammonium acetate, anhydrous ethanol, anhydrous metha-
nol, anhydrous acetonitrile of HPLC grade were purchased 
from Sigma-Aldrich (St. Louis, MO, United States).  Other 
reagents were all of analytical grade.
The following devices were also prepared: scanning 
electron microscope (HITACHI S-4800, Japan); Waters 2695 
high performance liquid chromatograph with a 2998 photo-
diode array detector (HPLC); Agilent 1100 high performance 
liquid chromatograph with API-2000 mass spectrometer 
(HPLC-MS/MS) (AB SCIEX, Massachusetts, United States); 
multimode reader (Tecan infinite 200 pro, Switzerland).
4.2. Synthesis of DMIPs
DMIPs were prepared as follows: the dummy template 
2,4-diamino-6-methyl-1,3,5-triazine (0.25 mmol, 31.28 mg) 
was typically dissolved into the mixed solution of dimethyl 
sulfoxide (DMSO), ethylene glycol and acetonitrile in a 
round-bottom flask, MAA (1 mmol, 85 μL) was added, and 
then the mixture was shocked for 30 min to form a self-as-
sembly solution.  EGDMA (5 mmol, 0.95 mL) and AIBN (25 
mg) were added.  The mixture was purged with N2 for 10 min 
and then the flask was sealed.  The reaction was carried out 
at 60ºC for 24 h for further polymerization.  The DMIPs were 
collected and eluted with methanol-acetic acid (9:1, v/v) in 
a Soxhlet extraction device until no dummy template was 
detected by HPLC.  Finally, the products were repeatedly 
washed with methanol to neutral pH value and dried.
Dummy non-imprinted polymers (DNIPs) were prepared 
in the same manner without the dummy template.
4.3. Adsorption experiments
To investigate the selectivity, specificity and binding capacity 
of synthesized DMIPs, static adsorption experiment and dy-
namic absorption experiment were performed.  An aliquot of 
5 mg of DMIPs and DNIPs was added into 2-mL polyethylene 
(PE) tubes containing 1.0 mL melamine solutions at different 
concentrations (0.5–80 mg L–1).  After being incubated on 
an oscillator (140 r min–1) for 2 h at room temperature, the 
DMIPs and DNIPs were collected by centrifugation and the 
supernatant solutions were detected by HPLC.  Dynamic 
method was the same as static experiment, except different 
intervals time (5, 10, 30, 60, 120, 180, 240 and 360 min) and 
the constant concentration (10 mg L–1).  The experiment was 
repeated under the same conditions with static adsorption 
experiment but in the absence of melamine and in the pres-
ence of DTAF, and the fluorescence intensity of DTAF was 
measured by a multimode reader.  The adsorption quantity 
was calculated using eq. (1), where, Q is the amount of 
total adsorption, C0 and Ce are the initial and equilibrium 
concentrations of the supernatant solution, V is the solution 
volume and M is the weight of DMIPs or DNIPs.
Q=(C0–Ce)V/M        (1)
The binding capacity and characteristics of the binding 
sites were evaluated by Scatchard analysis using eq. (2), 
where, Q is obtained from eq. (1), Ce is the equilibrium con-
centration of the analyte, KD is the dissociation constant and 
Qmax is the maximum amount of apparent binding.  By plotting 
Q/Ce as the ordinate and Q as the abscissa, the types of 
binding sites could be speculated while KD and Qmax could 
be calculated according to the types of linear regression 
curves and corresponding equations.
Q/Ce=(Qmax–Q)/KD        (2)
4.4. Optimization of fluorescent competitive assay
For the best assay conditions, fluorescent competitive assays 
were optimized in sequence of the reaction solvents, amount 
of DMIPs, concentrations of DTAF and incubation time.
To determine an appropriate solvent, five reaction sol-
vents including three organic solvents (acetonitrile, meth-
1175DU Xin-wei et al.  Journal of Integrative Agriculture  2016, 15(5): 1166–1177
anol and ethanol) and two aqueous solvents (20 mmol L–1 
phosphate buffer at pH 7.0 (Haupt et al. 1998) and 20 mmol 
L–1 phosphate buffer at pH 6.0) were selected to prepare 
the melamine solution (10 mg L–1) and melamine (10 mg 
L–1) solution mixed with DTAF (1.0 mg L–1).  An aliquot of 
2 mg DMIPs was added to a 2-mL PE tube containing 1.0 
mL melamine solution (10 mg L–1) or 1.0 mL melamine 
solution mixed with DTAF (1.0 mg L–1) prepared byfive re-
action solvents.  After the solutions were incubated for 4 h 
at room temperature on an oscillator (140 r min–1) covered 
with aluminized paper to avoid light and the suspension was 
centrifuged, the supernatant solutions were added to three 
wells of a 96-well fluorescent plate with 200 μL per well and 
measured by a multimode reader at excitation and emission 
wavelengths of 454 and 522 nm.  Then, the binding of DTAF 
to DMIPs in the absence and presence of melamine was 
subtracted to select the most appropriate organic solvent.
To obtain the optimum amount of DMIPs, the DTAF at a 
constant concentration (1.0 mg L–1) in methanol was incu-
bated with increasing amounts of DMIPs (1 to 8 mg) for 4 h 
at room temperature on an oscillator (140 r min–1) covered 
with aluminized paper to avoid light.  The experiment was 
repeated under the same conditions but in the presence of 
melamine (10 mg L–1).  The supernatants were analyzed by 
a multimode reader as described above and the binding of 
DTAF to DMIPs in the absence and presence of melamine 
was subtracted.
To evaluate the optimum concentration of DTAF in the 
competitive assay, DMIPs of 6 mg were incubated for 4 h 
at room temperature on an oscillator (140 r min–1) covered 
with aluminized paper to avoid light, with increasing con-
centrations (0.1 to 10.0 mg L–1) of 1 mL DTAF in methanol 
in the absence and presence of melamine (10 mg L–1).  The 
supernatants were analyzed by a multimode reader and the 
binding of DTAF to DMIPs with and without melamine was 
subtracted in the same manner.
The incubation time was also optimized under the follow-
ing conditions: 6 mg of DMIPs and 1 mL of DTAF (0.25 mg 
L–1) in methanol in the absence and presence of melamine 
(10 mg L–1) were incubated for different time (0.5 to 6 h) at 
room temperature on an oscillator (140 r min–1) covered 
with aluminized paper to avoid light, and the suspension 
was centrifuged.  The supernatants were analyzed by a 
multimode reader and the binding of DTAF to DMIPs in the 
absence and presence of melamine was subtracted using 
the preceding methods.
4.5. Fluorescent competitive assay for melamine in 
milk samples
Sample pretreatment: 1 g of blank milk was weighed, placed 
into a 15-mL polypropylene centrifuge tube, and spiked with 
melamine at the level of 1.25, 2.5, 10 and 25 mg kg–1.  Ace-
tonitrile of 9 mL was added and the mixture was vortexed for 
2 min, sonicated for 15 min, and then centrifuged at 10 000 r 
min–1 for 5 min.  The supernatant was transferred to a 10 mL 
volumetric flask and acetonitrile was added.  After that, the 
acetonitrile extract was purified with the molecularly imprint-
ed polymer-solid phase extraction (MIP-SPE) cartridge using 
synthesized DMIPs as sorbents.  The MIP-SPE process was 
as follows: Before the acetonitrile extract was loaded, the 
cartridge was conditioned with 2 mL methanol for activation. 
Then, the cartridge was washed with 1 mL acetonitrile to 
eliminate matrix interferences.  The analyte was recovered 
by eluting the cartridge with 4 mL acetic acid-acetonitrile 
(15:85 v/v) and 2 mL acetonitrile.  The elution fractions were 
collected and evaporated to dryness, and the residues were 
dissolved in methanol as purified sample solutions for the 
next fluorescent competitive assay.  Blank samples without 
spiked melamine were pretreated as aforementioned, and 
the blank solutions were used to establish a working curve 
of the fluorescent competitive assay.
Fluorescent competitive assay: 6 mg DMIPs were mixed 
in a 2-mL PE tube with 1 mL DTAF (0.25 mg L–1), and 
varying concentrations of melamine (0.05 to 40 mg L–1) 
were prepared by the purified sample solutions or spiked 
sample extractions after being purified.  The mixture was 
incubated for 3 h at room temperature on an oscillator (140 r 
min–1) covered with aluminized paper to avoid light and then 
centrifuged at 10 000 r min–1 for 10 min to separate DMIPs 
from the supernatant solution.  Each of the supernatant 
solutions was added to three wells of a 96-well fluorescent 
plate with 200 μL per well.  The fluorescence intensity of 
the supernatant was measured using a multimode reader 
at excitation and emission wavelengths of 454 and 522 nm. 
The working curve was plotted by using (F0–F)/F as the 
ordinate and the concentration of melamine (in logarithmic 
scale) as the abscissa, where F is the fluorescence intensity 
of the supernatant and F0 is the initial fluorescence intensity 
before being adsorbed on DMIPs.
4.6. Instrumentation and conditions
HPLC analysis: Waters 2695 high performance liquid chro-
matograph with 2998 photodiode array detector was used. 
The column was Sepax Technologies HILIC Polar-100 (4.6 
mm×250 mm, 5 μm).  The mobile phase was acetonitrile-wa-
ter (90:10 (containing 10 mmol L–1 ammonium acetate), v/v) 
with a flow rate of 1 mL min–1.  The injection volume was 
10 μL.  The wavelength of the detector was set at 240 nm. 
HPLC-MS/MS analysis: Agilent 1100 high performance 
liquid chromatograph with API-2000 mass spectrometer (AB 
SCIEX, Massachusetts, United States) was used.  The col-
umn was Waters Atlantis HILIC Silica (150×2.1 mm, 3 μm). 
1176 DU Xin-wei et al.  Journal of Integrative Agriculture  2016, 15(5): 1166–1177
The mobile phase was acetonitrile-water (85:15 (containing 
10 mmol L–1 ammonium acetate), v/v) with a flow rate of 0.3 
mL min–1.  The injection volume was 5 μL.  The API-2000 
mass spectrometer was equipped with an electrospray ion-
ization (ESI) source and melamine was analyzed in positive 
ion mode (ESI+) with the multiple reaction monitoring (MRM) 
transition m/z 126.8>85 for quantitative analysis.  Typical 
ESI parameters were used as follows: ion spray voltage, 
4 500 V; ion source temperature, 350°C; curtain gas, 10 
psi; atomization air pressure, 30 psi; auxiliary gas, 60 psi; 
declustering potential, 37.4 V; and collision energy, 27.0 V.
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